A methanogenic acetate enrichment was initiated by inoculation of an acetatemineral salts medium with domestic anaerobic digestor sludge and maintained by weekly transfer for 2 years. The enrichment culture contained a Methanosarcina and several obligately anaerobic nonmethanogenic bacteria. These latter organisms formed varying degrees of association with the Methanosarcina, ranging from the nutritionally fastidious gram-negative rod called the satellite bacterium to the nutritionally nonfastidious Eubacterium limosum. The satellite bacterium had growth requirements for amino acids, a peptide, a purine base, vitamin B12, and other B vitamins. Glucose, mannitol, starch, pyruvate, cysteine, lysine, leucine, isoleucine, arginine, and asparagine stimulated growth and hydrogen production. Acetate was neither incorporated nor metabolized by the satellite organism. Since acetate was the sole organic carbon source in the enrichment culture, organism(s) which metabolize acetate (such as the Methanosarcina) must produce substrates and growth factors for associated organisms which do not metabolize acetate.
The production of methane from complex organic compounds involves the interaction of many microorganisms because the narrow substrate range of methanogenic bacteria restricts their metabolism to a few compounds such as H2-CO2 and acetate (10, 19, 21) . The fermentation of complex organic compounds and the formation of hydrogen by nonmethanogenic bacteria may be coupled to methane production by H2 transfer reaction (22) via the oxidation of H2 by methanogenic bacteria. The interactions involving end-product formation and removal may be mutualistic, e.g., the metabolism and removal of metabolic end products of nonmethanogens by methanogens may improve the energy and growth yields of nonmethanogens and provide an energy source for the methanogens (5, 6, 9) . Diffusion of nutrients from methanogenic to nonmethanogenic bacteria may also occur of the methane in anaerobic sludge fermentation or in freshwater sediments (15) , little is known about the factors or organisms involved in the conversion of acetate to methane. Enrichment for the responsible organism(s) using a modification of Barker's method (1) Media. All medium preparations and culture operations were done under anaerobic conditions using the roll-tube technique of Hungate (11) . Culture medium for isolation and growth of nonmethanogenic bacteria was the same as that used to isolate acetate-using methanogenic bacteria from the acetate enrichment without preferential selection for hydrogen-oxidizing methanogens (13 (Difco Laboratories, Detroit, Mich.), 0.0001% resazurin, 0.15% NaHCO3, 0.05% cysteine-HCl, 0.01% DL-2-methylbutyric acid, 0.03% Na2S 9H20, and 1.0% calcium acetate. A 100% N2 gas atmosphere was used. Medium 2. To obtain and to grow pure cultures of the satellite organisms (see below), it was necessary to include culture fluid (2% [vol/vol] ) from an autoclaved pure culture of Methanosarcina (isolated from the enrichment culture and grown on medium 1) (13) . Growth studies with the satellite bacterium were done in medium 2, containing the above culture fluid as well as 0.2% YE and 0.2% Trypticase made up in the inorganic salts solution of Mah and Sussman (14) modified with concentrations (wt/vol) of inorganic salts of: 0.1% NaCl, 0.05% NH4Cl, 0.005% CaCl2, 0.005% MgCl2 6H20, 0.005% KCI, 0.001% (NH4)6Mo7-024 4H20, 0.001% CoCl2 6H20, and 0.005% KH2PO4; and concentrations of trace elements (wt/vol) of 5 x 10-6% Na2MoO4, 5 x 10-6% H2SeO3, 7 x 10-5% MnCl2 4H20, 10-5% ZnCl2, 10-5% CuCl2 2H20, and 10-4% FeCL2 6H20. Other nutrients and compounds were added at the following concentrations (wt/vol): 0.15% NaHCO3, 0.0001% resazurin, 0.05% cysteine-HCl, and 0.025% Na2S 9H20. The Other nutritional requirements of the satellite organism. In complex medium containing YE and Trypticase, the satellite organism exhibited higher growth yields than in medium without these organic nutrients. Figure 3 shows the results of a growth experiment using for optimal growth were identified as thiamine,
.5 p-aminobenzoic acid, pantothenic acid, niacin, pyridoxine, and folic acid (Fig. 4) Fig. 3 and 5. Thus, lipid contaminants were not responsible for the stimulatory effect, and a more detailed assessment of the other components of Trypticase was necessary. To identify amino acids required as peptides, high levels (0.2%) of various single amino acids were tested by the method of Demain and Hendlin (7) for growth in medium 2 containing B-vitamin mixture, vitamin B12, and an amino acid mixture consisting of the types and proportions present in 0.2% Trypticase (see Materials and Methods). Only asparagine (Nutritional Biochemicals Corp.) and arginine stimulated growth and suggested that peptides of these amino acids may also stimulate growth. Using the same defined medium, glycyl-L-asparagine (200 ,ug/ml, Sigma) and/or L-arginyl-L-aspartic acid (200 ,ig/ml, Sigma) both stimulated growth; arginyl-asparagine was not commercially available and was therefore not tested. However, growth rates and yields in the presence of either or both peptides were not equivalent to growth on complex medium containing YE and were still absent. Consequently, the following nitrogen bases which may contaminate Trypticase were tested with the above amino acid, vitamin, and peptide mixtures at a final concentration of 10 ,ug/ml: adenine, thymine, guanine, uracil, and inosine. Figure 5 shows that the defined amino acids-vitamins medium containing glycyl-L-asparagine in the presence of the nitrogen bases supported optimal growth equivalent to the lipid-free Trypticase. It is also evident that L-arginyl-aspartic acid does not support optimal growth even in the presence of nitrogen bases. Addition of the nitrogen bases to the same medium in the absence of peptides did not stimulate growth above the control. In subsequent studies, it was found that inosine alone could satisfy the nitrogen base requirements ( Table 2 shows the results of experiments involving three main groups of amino acids determined in this fashion. The omission of proline, alanine, and glycine (medium 4) did not significantly affect growth, but the lowered yield suggested the need for an additional energy source. When 0.2% glucose was added as a car- (Table 2) show that the presence of the group 1 amino acids arginine, lysine, leucine, valine, phenylalanine, tryptophan, tyrosine, and glutamate could support growth; the remaining amino acids, in groups 2 and 3, were not essential, although better growth could be achieved by addition of isoleucine, histidine, and serine (not shown in Table 2 ). Omission of any of the eight amino acids of group 1 (see Table 2 ) resulted in no growth.
Substrates for growth and H2 production.
A variety of organic compounds was tested for their ability to stimulate growth and hydrogen production in defined medium 4 of Table 2 . In addition to glucose, Table 3 shows that several other sarbohydrates and amino acids stimulated growth and/or H2 production. Mannitol, pyruvate, arginine, and cysteine were the most stimulatory for H2 formation.
The following compounds did not stimulate growth or H2 production: n-butanol, ethanol, methanol, propanol, acetate, n-butyrate, formate, lactate, propionate, alanine, glutamate, glycine, histidine, methionine, phenylalanine, proline, tryptophan, tyrosine, and valine. as E. limosum requires only an organic carbon and energy source in the presence of inorganic salts to grow. These two isolates represent examples of the nutritional range that exists among the nonmethanogenic bacteria in this enrichment. To satisfy these substrate and growth requirements, presumably, the methanogenic bacteria must produce these organic compounds and growth factors from acetate either by death and lysis or by diffusion from viable cells. The Methanosarcina does produce vitamin B12, as substantiated by E. gracilis assay of the culture supernatant. The fact that vitamin B12 may be abundant enough to cause pigmentation of colonies of the Methanosarcina (3), in addition to the evidence of syntrophy presented here, may suggest an ecological role for methanogens in the biosynthesis of this vitamin. Its general role as a growth factor in these anaerobic environments may be related to its importance in H2 formation during catabolism of amino acids such as glutamate (2) Table 3 ). The syntrophic relationship may benefit the methanogen in a less specific manner by the formation of H2 and carbon precursors which may stimulate but are not absolutely required by the methanogen for growth. If this hypothesis is correct, H2 produced by nonmethanogenic culture members is presumably not a major electron donor for methanogenesis, since a stoichiometric relationship exists between the amount of methane produced and the amount of acetate added (M. Smith and R. Mah, manuscript in preparation). In addition, "C-labeling studies show that most if not all of the methane produced by the enrichment culture comes from the methyl position of acetate (Baresi et al., submitted for publication).
